The ballistic movement of spin-polarized electrons in a semiconductor is spatially and temporally resolved. Pure spin currents are injected into GaAs quantum wells at 80 K by optical quantum interference processes, and the subsequent ballistic transport is measured by pump-probe techniques having ϳ200 fs temporal and ϳ1 nm spatial resolution. An average injection velocity of ϳ50 nm/ ps and spin momentum relaxation times ranging from 1.2 to 0.6 ps are extracted for carrier densities varying from 1.5 to 12ϫ 10 16 cm −3 when the electrons are excited into the conduction band with excess energy ϳ25 meV, less than that of one optical phonon.
I. INTRODUCTION
Recently, there has been an increasing awareness that the manipulation and control of spin, as opposed to charge, may offer advantages for the development of future information handling systems. 1 Much of the early work on spin-based devices has focused on efficiently injecting quasithermalized distributions of spin-polarized carriers into analogues of conventional electronic devices, wherein the spins are dragged by applied fields. 1, 2 Meanwhile, device dimensions have been reduced below 100 nm and are expected to approach the 10 nm limit over the next decade. Such devices will be increasingly dominated by carrier transport over dimensions comparable to ͑or smaller than͒ the mean free path. Consequently, if the potential of spin-based technology 2 is to be realized in nanodevices, it will be necessary to develop ways to inject and control ballistic spin currents, as well as measure their motion.
Previously, it has been shown, both theoretically 3-5 and experimentally, [6] [7] [8] that quantum interference and control ͑QUIC͒ of two ͑or more͒ absorption pathways connecting the same initial and final states in the valence and conduction bands, respectively, of a semiconductor can be used to inject ballistic pure spin currents ͑PSC͒. Such PSC, which involve net spin transport but no net charge transport, have been injected by using the interference between pathways for one photon absorption of the right and left circularly polarized components of a single-frequency, linearly polarized pulse in a semiconductor lacking inversion symmetry and exhibiting a spin-orbit interaction. 8 Alternatively PSC can be obtained for QUIC involving absorption pathways for one and two photon absorption of two orthogonally polarized harmonically related pulses. 6, 7 The use of all-optical QUIC techniques for generating the PSC has the advantage of allowing considerable control over the injection and transport processes: ͑i͒ The polarization direction of the light establishes the direction of current flow, ͑ii͒ the phase dictates the magnitude and sign of the PSC, ͑iii͒ the wavelength controls the magnitude of the initial ballistic velocity, and ͑iv͒ the irradiance determines the carrier and current injection rates. In turn, the carrier injection rates ͑when integrated over the pulse widths͒ establish the final carrier density, which determines the momentum relaxation rate. In addition, QUIC techniques are noninvasive; that is, they do not require the application of electrodes or the use of external electric or magnetic fields, and the PSC can be injected anywhere on the sample-away from electrodes and sample edges.
Here, we report the spatiotemporal resolution of ballistic PSC in a GaAs quantum well following their generation by quantum interference between one-photon absorption of a linearly polarized second harmonic pulse ͑with frequency 2͒ and two-photon absorption of the orthogonally polarized fundamental ͑with frequency ͒. Previously produced ballistic PSC ͑Refs. 6-8͒ were not time resolved, but were detected by measuring the spin accumulation that followed the ballistic spin motion, before it was destroyed by spin relaxation, diffusion, or recombination. From the dynamics reported here we can estimate the average ballistic velocity associated with the PSC and the spin momentum relaxation times.
II. INJECTION OF BALLISTIC PURE SPIN CURRENTS
The geometry for generating and time-resolving the PSC is shown schematically in Fig. 1͑a͒ . An x -polarized pulse centered at 1578 nm with a phase and a ŷ-polarized 2 pulse at 789 nm with a phase 2 are copropagating along ẑ and are tightly focused to produce an excited carrier profile with a diameter W ϳ 2.3 m ͓full width at half maximum ͑FWHM͔͒. The phase ⌬ =2 − 2 is controlled by a scanning dichroic interferometer ͓not shown in Fig. 1͑a͔͒ . The propagation direction ẑ for the pump pulses is carefully aligned along the ͓001͔ direction to avoid complications from charge or spin density control. 4, 9 For our measurements, the sample is oriented such that the laboratory coordinate axes, x and ŷ, coincide with the crystallographic axes, but these coordinate axes can be arbitrarily chosen since the PSC are not strongly sensitive to the crystal orientation. 3, 4, 9 The ϳ180 fs pulse is taken from a Ti:sapphire-pumped optical parametric oscillator operating at 80 MHz, and the 2 pulse is obtained by frequency doubling of the pulse.
The pulses are dispersively broadened by the focusing lens to ϳ200 fs ͑FWHM͒. The sample consists of 10 periods of 14 nm wide GaAs quantum wells ͑with band gap E g = 1.544 eV at 80 K͒ alternating with 14 nm thick Al 0.3 Ga 0.7 As barriers, with the GaAs substrate removed for transmission experiments.
As shown in Fig. 1͑b͒ , the and 2 pulses connect the same initial and final states in the conduction and valence bands via two and one photon absorption, respectively. Acting alone, either pulse injects equal numbers of spin up ͑↑͒ or spin down ͑↓͒ electrons or holes at +k and −k at each position in k space. For the electrons, the frequency 2 ͑789 nm͒ corresponds to an excess energy ϳ25 meV above the band edge and to an injection speed for electrons of ϳ360 nm/ ps; however, the bandwidth of the pulse ͑ϳ15 meV͒ dictates that the electrons are injected into the conduction band with a spread of speeds ͑ϳ290-410 nm/ ps͒. The ↑ and ↓ electrons are initially injected with the same approximately Gaussian spatial density profile with an initial peak height H and spatial width W: N ↑ ͑x , y , t =0͒ = N ↓ ͑x , y , t =0͒, as depicted by the dashed curve in Fig. 1͑c͒ . When either pulse acts alone, an equal number of ↑ and ↓ electrons move ballistically in each direction. No net spin population, PSC, or charge current is injected.
When the harmonically related pulses are simultaneously absorbed, equal numbers of ↑ and ↓ electrons again are injected with the same approximately Gaussian spatial density profile: N ↑ ͑x , y , t =0͒ = N ↓ ͑x , y , t =0͒, and again an equal number of electrons ballistically move in each direction; however, in this case, the ↑ electrons preferentially move along the direction of the beam polarization while the ↓ electrons preferentially move in the opposite direction. Similar considerations apply to the holes which will be discussed below. A spin current, but no charge current is injected. Specifically, when ⌬ = 0, the interference between these two absorption pathways causes a density of spin up electrons N ↑ ͑which are polarized along +ẑ with angular momentum + ប /2͒ to move preferentially with an effective average velocity +v s along x, while spin down electrons N ↓ ͑which are polarized along −ẑ with angular momentum − ប /2͒ move with a velocity −v s along x to produce a PSC. The injection rate for this PSC can be written phenomenologically as 3, 4, 6, 7 
where K xz denotes 3 the expectation value of the product of the x component of the velocity operator and the z component of the spin operator and where Ṅ ↑ inj and Ṅ ↓ inj are the injection rates for spin up and spin down electron densities, respectively, and which are equal for a PSC.
The quantity v s 0 is the initial average speed per injected spin up ͑or spin down͒ electron along the +x direction ͑−x direction͒. 4, 9 It is the average of the injected velocities of all electrons over all k space. Each electron is injected into the conduction band with approximately the same ballistic speed ͑ϳ360 nm/ ps͒; however, not all of the injected spin up ͑spin down͒ electrons move in the +x͑−x͒ direction. Most are injected with velocities along other directions. The projections of the velocities of some of the electrons onto the direction of current flow ͑in this case, x͒ are positive, some are zero, and some are negative. The v s 0 incorporates this spread in the projections of the velocity onto x. Experimentally, v s 0 reflects the contribution of all the electrons to the spin current, as suggested by Eq. ͑1͒. In addition, because of the bandwidth of the pump pulses, the v s 0 reflects the spread in injection speeds of the electrons. This spread was not included in previous calculations 4,9 ͑which were for monochromatic, continuous excitation͒, but are included in the experimental v s 0 extracted here.
Note that the PSC can be viewed as the injection of two oppositely directed spin-polarized electron currents with equal magnitudes, but with opposite spins so that
and no net electron ͑or charge͒ current is injected ͑where e is the elementary charge͒.
III. SPATIOTEMPORAL DYNAMICS AND SPIN MOMENTUM RELAXATION OF BALLISTIC SPIN CURRENTS
Following injection, ↑ and ↓ electrons move in opposite directions with an average speed v s ͑t͒, where v s ͑0͒ = v s 0 , until momentum relaxation destroys the ballistic spin currents in a characteristic time m s . If v s 0 m s W ͑as expected for our experimental conditions͒, then the carrier profiles can be approximated by a Taylor series, keeping only the first two terms:
where L S ͑t͒ = ͐ 0 t 2v s ͑tЈ͒dtЈ and where we ignore the bandwidth of the pump pulses for the moment. Such an expansion FIG. 1. ͑Color online͒ ͑a͒ Experimental geometry for injecting and spatially and temporally probing pure spin currents. ͑b͒ Excitation scheme showing the and 2 pump pulses with orthogonal linear polarizations coupling the same initial and final states in the valence and conduction bands and the probe pulse ͑ p ͒ tuned to the heavy-hole exciton resonance. ͑c͒ Schematic showing the common spin up N ↑ and spin down N ↓ electron density profiles ͑dashed͒ upon injection, the two spin profiles ͑solid Gaussian curves͒ as they ballistically separate by a distance L s as the result of the PSC, and the resulting spin accumulation ⌬S ͑derivativelike solid curve͒.
is valid only if the second term in Eq. ͑3͒ is much smaller than the first, in which case the picture that emerges from using this expansion is the one depicted in Fig. 1͑c͒ . The spatial profiles for ↑ and ↓ electrons remain approximately Gaussian, but separate by a distance L S ͑t͒. Since L S ͑t͒ Յ ϳ 100 nm, the shifts in the spatial profiles cannot be directly measured with a focused optical beam. Instead, we measure the difference in the spin profiles: In principle, one expects the ballistic motion portrayed in Fig. 1͑c͒ to broaden the total carrier profile ͑i.e., increase W and decrease H͒. This broadening, if significant, should be reflected in N ↓ + N ↑ ; however, if this sum is calculated using the Taylor series expansions given in Eq. ͑3͒, the derivative terms cancel, and
. Consequently, there is no broadening to first order. Broadening will appear if higher order terms are included in the expansion. If the next highest term is included,
Therefore, the broadening is much less than L S and L S W. In the next section, we confirm that measurable broadening is not seen in our experiments.
To this point we have ignored the holes. Holes lose their spins in less than 100 fs in bulk GaAs at room temperature, 10 but have been reported to have much longer spin relaxation times in quantum wells at low temperatures. [11] [12] [13] The hole spin lifetime has not been reported for our experimental conditions. If the holes maintain their spin, optically injected spin up ͑down͒ holes will move in opposition to the spin up ͑down͒ electrons. Thus we can write expressions similar to Eqs. ͑1͒-͑3͒ for the holes-except that the magnitude of the average velocity for the holes will be different and the signs in front of the derivative terms are reversed. In particular, the Taylor series expression corresponding to Eq. ͑3͒ for the spin up ͑down͒ hole distribution͑s͒, P ↑͑↓͒ ͑x , y , t͒, is
where L S P ͑t͒ = ͐ 0 t 2v S P ͑tЈ͒dtЈ is the separation of the hole spin spatial profiles and v S P is the average velocity including both light and heavy holes. In writing the second equality, we have used the fact that the initial profiles for the spin up and spin down electrons and holes are the same: P ↑ ͑x , y ,0͒ = P ↓ ͑x , y ,0͒ = N ↑ ͑x , y ,0͒ = N ↓ ͑x , y ,0͒. Clearly, the hole contribution to the spin accumulation is
Notice that the hole contribution to the spin accumulation has the opposite sign to the electron contribution and, therefore, reduces the net spin current. One way 4 to handle this reduction is to include the holes in the calculation of the average injection velocity, v s 0 . This is the point of view that we adopt here. If the holes do not lose their spin and to the extent that our experiment is sensitive to the holes, we assume that their effects are included in the v s 0 that we extract from the experimental data. Under these circumstances, the motion of the holes ͑like the electrons͒ leads to a negligible change in the overall spin profile ͑i.e., no measurable change to W or H͒, but perhaps to a significant change in the height of the derivative ͑h͒ and, therefore, to a decrease in the measured separation of the spin profiles ͑L S ͒. This is a convenient and pragmatic approach to including the holes, since we cannot separate the hole and electron contributions in the experiments reported here. In practice, because the electron speeds are much larger than those of holes, we expect the hole contributions to the PSC to be smaller than that of electrons. In addition, the probe transmission is not as sensitive to the holes as to the electrons because continuum electrons are more effective in blocking the hh exciton transition ͑by a factor related to the inverse of their relative effective masses͒.
14 Finally, if the holes made a measurable contribution, we would expect to observe a biexponential decay in L S . We do not observe this for time delays up to ϳ100 ps. Therefore, we conclude that one ͑or more͒ of the following is true: That the holes lose their spin in less than ϳ200 fs, that they make negligible contribution to the PSC, or that we are not sensitive to them. For these reasons, we do not explicitly include the holes in what follows.
No significant space charge field is formed by the electron and hole motion in a PSC, because there is no net charge current. This can be readily seen by calculating the total charge profile using Eqs. ͑3͒ and ͑4͒ to obtain ͓N ↑ ͑x , y , t͒ + N ↓ ͑x , y , t͔͒ − ͓P ↑ ͑x , y , t͒ + P ↓ ͑x , y , t͔͒ = 0. Thus, within the approximations used here, the space charge field is exactly zero. This is equivalent to stating that there is no dipole contribution to the field. If the next highest term in the Taylor series is included, a weak quadrupole contribution to the space charge field emerges, which is proportional to the second derivative of the spatial profile
The weak quadrupole field is not expected to have any significant effect on the charge dynamics measured here.
Because space charge effects can be neglected, a simple exponential decay of the average velocity by spin momentum relaxation is assumed: v s ͑t͒ = v s 0 exp͑−t / m s ͒, where m s is equivalent to the spin current momentum relaxation time. This allows the separation of the two spin profiles to be estimated as
where again we have assumed the generation process to be instantaneous and have ignored the finite widths of the pump pulses. Consequently, if W, H, and h are each measured as a function of time and L S is calculated from them, v s 0 and m s can, in principle, be extracted. In practice, m s is often shorter than the available temporal resolution, particularly if the carrier density is large, the lattice temperature is high, or the excitation energy is much greater than the band gap. All previous PSC measurements [6] [7] [8] 15 were performed in this regime. Thus no attempt was made to time resolve the PSC dynamics. Measurements were performed at a fixed time delay, and the quantity measured was the final separation of the spin profiles once ballistic transport was complete: L S ͑t m s ͒ =2v s 0 m s . This spin separation is expected to persist long after the ballistic transport has vanished, decaying eventually by spin relaxation, diffusion, and recombination. However, to justify the omission of these processes from Eq. ͑5͒, we have separately measured the spin relaxation time ͑ϳ200 ps͒, the time required for diffusion to double the spatial profile ͑ϳ180 ps͒, and the recombination lifetime ͑ϳ720 ps͒. These measurements confirm that spin relaxation, diffusion, and recombination make negligible contributions to the carrier dynamics on the time scale of our experiments.
Because the ballistic spin transport is induced by injecting the electrons near the band edge with a relatively small excess energy ͑ϳ25 meV͒, the lower injection velocities reduce the carrier-carrier scattering rates ͑which are velocity dependent͒. By cooling the sample to ϳ80 K and by injecting each electron less than one optical phonon energy ͑37 meV͒ above the band edge, the scattering associated with phonons is reduced compared to that at higher temperatures. As we show below, under these conditions, the spin momentum relaxation is sufficiently slow so as to be resolved and, at the densities generated here, is dominated by carrier-carrier scattering.
The spin and carrier dynamics are measured using a ϳ180 fs, 808 nm, linearly polarized probe pulse that is focused onto the sample with a ϳ2.3 m ͑FWHM͒ diameter, but is broadened by the focusing lens to ϳ200 fs. The probe spectrum is centered on the heavy-hole exciton for efficient sampling of N ↑ and N ↓ . The total carrier density profile N͑x , y , t͒ is determined by measuring the phase-independent differential transmission ⌬T͑N͒ / T 0 = ͑T − T 0 ͒ / T 0 ͑where T and T 0 are the transmissions with and without pump beams͒ of the linearly polarized probe pulse using a chopper ͑not shown͒ and a balance detector connected to a lock-in amplifier, as indicated in Fig. 1͑a͒ . For ͉⌬T͑N͒ / T 0 ͉ 1, ⌬T͑N͒ / T 0 ϰ N = N ↑ + N ↓ . The spatial dependence of N is determined by systematically rastering the probe across the region excited by the and 2 pump pulses, and the temporal dependence by varying the time delay between pump pulses and probe pulse.
The net spin accumulation ⌬S͑⌬ , x , y , t͒ is deduced from the phase-dependent circular dichroism ͓i.e., the difference in absorption for the left ͑−͒ and right ͑+͒ circularly polarized components of the probe͔ induced by the ↑ and ↓ electrons. Specifically, ͓⌬T − ͑⌬͒ − ⌬T + ͑⌬͔͒ / T 0 ϰ N ↑ − N ↓ = ⌬S is measured as a function of position, time delay, and phase using an optical bridge consisting of a quarter wave plate, Wallaston prism, and balance detector, as shown schematically in Fig. 1͑a͒ and described elsewhere.
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IV. RESULTS AND DISCUSSION
The procedure for a typical measurement of the derivativelike profile for ⌬S is shown in Fig. 2 for a fixed pumpprobe time delay of = 2 ps, with the and 2 pump powers adjusted so that each pump pulse produces a peak electron density of ϳ1.5ϫ 10 16 cm −3 . Figure 2͑a͒ shows ⌬S as ⌬ is varied at a fixed position ͑x ϳ −1 m͒ at this fixed time delay. The phase is then fixed so that the phase-dependent spin accumulation is a maximum, ⌬S max , and ⌬S max is measured as a function of position, as shown in Fig. 2͑b͒ . The approximately Gaussian spatial profile of the carrier density N is obtained from phase-independent ⌬T͑N͒ / T 0 measurements and is also shown for comparison in Fig. 2͑b͒ . The temporal variation of W, H, and h are obtained and L s ͑t͒ is extracted by repeating this procedure as a function of time delay as shown in Fig. 3 . The peak carrier density H closely follows the integral of the pulse envelope during the generation process, then remains constant on a time scale of a few ps following the pump pulses, confirming that carrier cooling is unimportant for these injection energies and that recombination is negligible on these time scales, as expected. Furthermore, the width of the density profile W is ϳ constant, confirming that the ballistic transport does not measurably broaden the profile and that diffusion is also negligible. For the carrier densities used for the data in Fig. 3 , the spin momentum relaxation is sufficiently slow ͑compared to the excitation process͒ to allow one to extract v s 0 ϳ 55 nm/ ps and m s ϳ 0.9 ps. This ballistic transport produces a maximum effective spin separation of L s ϳ 100 nm.
We emphasize the difference between the average velocity v s 0 ͑ϳ55 nm/ ps͒ extracted from Fig. 3 and the ballistic injection speed ͑ϳ360 nm/ ps͒. The magnitude of v s 0 not only reflects the ballistic speed with which each electron is injected ͑ϳ290-410 nm/ ps͒, but also takes into account the effective fraction of the electrons of a given spin that move along the x direction and participate in the PSC. In this sense, a comparison between v s 0 ϳ 55 nm/ ps and the ballistic injection speed of ϳ360 nm/ ps can be crudely taken as suggesting that ϳ15% of the ↑ and ↓ electrons move in the +x and −x directions, respectively. While the average velocity determines the final separation of the spin profiles ͑2v s 0 m s ͒, by comparison, the injection speed determines the spin mean free path ͑ϳ m s ϫ 360 nm/ ps͒. Our experimentally extracted value of v s 0 ϳ 55 nm/ ps can be compared with the previously reported 4,9 theoretical values of ϳ100-200 nm/ ps, which represent the maximum achievable values. In making the latter comparison, it should be kept in mind that the calculations were performed for monochromatic excitation ͑no spread in excitation energies͒ and included the hole contributions in the average velocity.
The initial average velocity, v s 0 , is determined by where the carriers are injected in the band structure and is not affected by the transport or scattering that follows. Consequently, it is reasonable to assume that v s 0 is constant and independent of carrier density for a given material and sample temperature, as long as ͑or equivalently, the excess injection energy above the gap͒ is not changed and the saturation is not severe.
The measurements described above are performed for several excitation levels ͑i.e., as a function of carrier density͒-the results are summarized in Fig. 4 . For each measurement, the fluences of the two pump pulses are adjusted so that each pump produces approximately the same carrier density. The temporal evolutions of L s for four selected excitation levels are shown in Fig. 4͑a͒ . From these data and from those associated with four other excitation levels ͑not shown for clarity͒, m s is extracted by performing a single parameter least-squares fit of the data at each excitation level to Eq. ͑5͒, assuming that v s 0 is constant ͑ϳ55 nm/ ps, as estimated above͒ and independent of carrier density ͓open triangles in Fig. 4͑b͔͒ . As a check, m s is also deduced from the long time delay behavior of the spin separation, L S ͑ m s ͒Х2v s 0 m s , by measuring L S as a function of density with the time delay fixed at =10 ps ͓solid circles, Fig. 4͑b͔͒ .
For comparison, m s = 0 N −1/b is plotted as the solid ͑dashed͒ line for b =3 ͑b =2͒. An approximately cube root dependence ͑b =3͒ on carrier density has been established for carrier-carrier scattering in bulk GaAs samples ͑at room temperature͒ from measurements of the dephasing of the interband coherence using time-integrated 16 and time-resolved 17 photon echo techniques. By comparison, for quantum wells, both a square root dependence 18 and a slope that could not be distinguished from the bulk 19 have been reported. Because of the limited density range ͑which is experimentally constrained͒, the data shown in Fig. 4 do not definitely distinguish between b = 2 and b = 3; however, the data lie closer to the cube root result. Nevertheless, the data clearly demonstrate that the spin momentum relaxation is dominated by carrier-carrier scattering over the density range investigated here. Note that the slope of the data does not depend upon the accuracy of v s 0 . An error in v s 0 will shift the curves up or down ͑i.e., change 0 ͒, but will not affect the slope. Taking into account the repeatability of the measurements, convolution effects, and the crudeness of our model, we believe the absolute values of v s 0 , L S , and m s to be accurate to within a factor of ϳ2, although the relative values for the product v s 0 m s within the same set of measurements are accurate to within ±10%.
It is also instructive to compare our values for m s with the orientational momentum relaxation time m O measured previously 20 in bulk GaAs under similar excitation conditions ͑at 77 K and with carriers injected with less than one optical phonon of excess energy͒, but at a higher carrier density. For those measurements an anisotropic distribution of carriers ͑in k space͒ was produced by the single photon absorption of a linearly polarized pump pulse, 21 and the induced dichroism was interrogated by a weak probe pulse. While the momentum distribution and state filling produced by the pump pulse were anisotropic, they were not polar ͑or asymmetric͒, and no net spin momentum or charge momentum were deposited in the carrier distribution: that is, no spin or charge currents were produced. Therefore, those measurements of the orientational relaxation did not involve transport. This anisotropic state filling relaxed by collisions between electrons ͑regardless of spin polarization͒, between electrons and holes, and between electrons and optical or acoustic phonons. Oudar et al. 20 observed m O ϳ 190 fs for a carrier density of ϳ6 ϫ 10 17 cm −3 . By comparison, in our case, the anisotropy explicitly involves spin transport: Quantum interference creates an anisotropic and polar momentum distribution with spin up electrons preferentially distributed with net positive momentum along x and spin down electrons distributed with net negative momentum along x ͓see Eq. ͑1͔͒. Therefore, spin momentum, but no net electron momentum, is injected. Furthermore, here we explicitly spatially and temporally resolve the transport associated with the PSC. In contrast to the orientational relaxation, collisions between electrons with the same spin will not relax the spin momentum, but collisions between electrons with opposite spins will. [22] [23] [24] If we scale the results shown in Fig. 4͑b͒ to ϳ6 20 as expected. Strictly speaking, the two values should not be directly compared, since one was obtained in a bulk semiconductor and the other in quantum wells; however, there is good qualitative and quantitative agreement. Finally, note that both the spin and the orientational momentum relaxation processes are significantly different from the momentum relaxation associated with a ballistic charge current, since, e.g., electron-electron scattering will not destroy the momentum in the case of a charge current.
V. SUMMARY
In conclusion, we have directly measured the ballistic dynamics of a pure spin current injected by quantum interference in GaAs quantum wells with ϳ200 fs temporal resolution and ϳ1 nm spatial resolution. The measurements were performed at temperatures and under excitation conditions where phonon scattering is negligible and where spin momentum relaxation is dominated by carrier-carrier scattering, yet the carrier density is relatively small. We have monitored the time-dependent spatial separation of spin up and spin down electrons associated with the ballistic motion and have used it to estimate the average injection velocity of the electrons and to extract the spin momentum relaxation times. We have examined the density dependence of the spin momentum relaxation time and found it to be indistinguishable from the cube root dependence on the carrier density expected of bulk material.
